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NE of the outstanding scientific advances of this decade in the field of electro-optics has been the development of the laser beam. The state of the art has progressed so rapidly that laser devices with pulsed powers of 1 billion watts or with continuous wave (CW) power of 1000 watts are available. By focusing the laser beam, power-densities of 10 ~2 W/cm: of pulsed energy and 10 ~ W/cm 2 of CW energy are available for experimentation. Because we need to know the effects of laser energy on biological tissues from the point of view of public health hazard as well as biomedical application, the following studies were carried out. The principles of laser physics and engineering have been described in earlier publications3-S, 12
Following the demonstration by McGuff ~5 and Minton ~6 that pulsed laser radiation destroyed cancer tissue, Rosomoff ~7 applied a similar technique to malignant, hunmn brain neoplasms exposed surgically in the operating room. The patients and animals subjected to pulsed laser radiation in their experiments appeared unharmed. On the other hand, Fine, et al., 5 found that a laser pulse of 100 joules (J)++ at 694 nanometer (nm)w :~ Laser energy is measured in joules (100 J=O~4 small calories) and the energy density in J/era 2. The power is given in watts (1 W= 1 J/see) and the power density in W/em 2.
w The use of the nanonleter (10 -9 meter) is becoming standardized measurement: 1 nm = 1 mu= 10 A.
wavelength containing an energy density of about 400 J/cm 2 over a 0.~5 em 2 area was lethal to mice when delivered to the intact cranium (luring 1 mscc. Most of the mice died within minutes.
Extensive investigations into the dynamics concerned with these deaths were carried out at The Armed Forces Institute of Pathology, with mice, rats, and guinea pigs as subjects, and pulsed, ruby laser radiation (694 nm).a.7,s.12.'3 These studies showed that death was attributable to the mechanical displacement of the brain produced by the pressure of rapidly vaporized tissue water. Because a closed space is necessary for the pressure effect, this was not observed in the experiments of Rosomoff. The work we are now reporting shows that under critical conditions a small amount of laser energy delivered as a single subseeond pulse train into the intracranial cavity of clogs (and probably humans, if one extrapolates) is rapidly lethal.
Pulsed Laser Radiation: Guinea Pig Brain
Earlier experiments on guinea pig brain demonstrated that a 50 to 100 J pulse of 694 nm wavelength containing 5,000 to 10,000 J/cm 2 over an 0.01 cm 2 area and deliverc(l in 1.5 to ~.5 msec destroyed a large amount of exposed cerebral hemisphere, but death, if it occurred, was not immediate and was attributable to cerebral edenm. 7,8,~2 The local brain swelling that resulted (lid not immediately kill the animal if the cranicctomy decompression was sufficient. However, if the same energy dose was focused on the exposed but intact skull and not directly on the brain, the animal died instantly. There was immediate and permanent cessation of respirations, and the heart stopped beating in about 5 to 10 minutes due to anoxia. 7,sin This oc-
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in spite of the fact that 90% of the energy was lost by reflection or absorption during passage through the guinea pig skull, leaving only 500 to 1000 J / c m 2 at the surface of the brain. Fluorescein tracer studies of the blood-brain barrier showed only localized injury under the point of laser impact but severe injury at the base of the brain especially in the p~.lns. This latter phenomenon was not present if the exposed cerebral henrisphere was radiated directly with ten times the energy-density.
High-speed cinematography illustrated the occurrence of an explosive phenomenon at the point of laser-skull interaction. An explosive plume of vaporized skull tissue at temperatures estinmted at nearly 6,000 ~ K would blast away from the skull towards the laser source and cause some ballistic recoil of the head of the animal. However, the lethal event was the sudden, millisecond val)orization of less than a milligram of cerebral cortex by the remaining 10% of laser energy cntering thc intracranial cavity. Thus, the expl~lsive force inside the closed cavity jammed the brain down through the tentorial notch and tile foramen magnum. It was estimated that a t)ressurc of ~20 atmospheres (atm) lasting 1 mscc was produced inside tile cranium of the animal, v,s,12
On the other hand, if the exposed brain was dircetly radiated with tile pulsed, highpowcred laser bealn, tile rapidly exl)anding vapors were not contained within a close(t cranial cavity, but were dissipated into the opcn air. The following is further evidence of the severity and abrut)tness of the pressure changes within the closed cranium during cranially directed, pulsed laser radiation. Direct pressure measurements, at present, are difficult because of the requirement of the calibrated, high-frequency pressure transducer of small dimension.
Method. Other aspects of tiffs study including details of the equipment (Maser Optics Model 3100 Laser Unit) have already been reported. 7,s,'2 The average power in a single pulse train was 100 J in ~.5 msee or 40,000 W. When focused to 0.01 cm 2 on the exposed, intact skull surface of the animal, power densities of 4 X 106 W/era 2 were achieved at focus. Due to 90% attenuation by the 0.5 to 1.0 mm thick skull, 4X105 W/era 2 were available at the brain surface.
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Fifty white guinea pigs* were used for this study. The guinea pig was anesthetized with urethane (~ rag/gin of body weight) given in solution (~50 mg/cc) intraperitoneally. After exposure of the skull, the head was aligned so that the laser beam would be focused directly upon the left parietal bone. A Kodak Instex camera and Tri-X film were used to photograph the profile of the head during laser-skull interaction. A 6-mm thick BG-18 copper sulfate filter was used on the camera lens to avoid overexposure of the film by the bright laser light. One hundred joules of energy were delivered over an 0.01 cm 2 area of the skull for s msec while the camera photograI)hed at 3~00 frames per second (0.318 msee between the onset of each frame). Fifteen minutes before laser radiation, thc aninmls received (1 cc/kg of body weight) 5% fluorescein intral)eritoneally. Fifteen minutes after radiation, the animal was perfused with 100 ce of 10% buffered formalin in normal saline injected into the left ventricle of the heart. The brain was t)hotographcd as described in a previous publication.~2
Results. Figure 1 is an oscilloscope study FIG. l. Oscilloscope (Tetronix 555) real time tracing of a reflected portion of a 94-joule pulse train. The energy was emitted in the 694 nm wavelength from a ruby crystal and partially reflected from glass. Part of the reflected portion was absorbed in the phototube and converted to electrical current, the intensity of which is recorded on the oscilloscope as volts on tile vertical axis (arbitrary). The horizontal time base is 1 msec/cm. The laser pulse train, which is made up of many small pulses, lasted about ~.5 msec. * The "Principles of Laboratory Animal Care" as promulgated by The National Society for Medical Research were observed during all three parts of this study.
